I ntraventrIcular hemorrhage (IVH) is a significant morbidity of preterm low birth weight (LBW) infants, leading to multiple complications, including posthemorrhagic hydrocephalus (PHH) and periventricular hemorrhagic infarction.
proved survival of premature infants has resulted in a larger at-risk IVH population. 2, 7, 9, 32 In addition, IVH admissions seem to vary by region and hospital: St. Louis Children's Hospital, St. Louis, Missouri, reported increasing numbers, 15 while Rainbow Babies and Children's Hospital in Cleveland, Ohio, reported a 3-fold drop in admissions over the last decade. 34 The national rates of IVH in premature infants in the United States have not previously been evaluated by any study, to our knowledge. We have used the Nationwide Inpatient Sample (NIS) and the Kids' Inpatient Database (KID), respectively corresponding to a 20% and 80% stratified sample of US inpatient discharges over the last 11 years (2000-2010) , to evaluate hospital trends of preterm infants with IVH and PHH. Additional outcomes of interest in this population include mortality rates, neonatal comorbidities and complications, length of stay (LOS), and hospitalization costs, in addition to the incidence of hydrocephalus and its treatment with CSF diversion.
methods data source
The NIS and KID together compose the largest, public, all-payer, inpatient care dataset in the United States (https://www.hcup-us.ahrq.gov/databases.jsp). As part of the Healthcare Cost and Utilization Project (HCUP), the NIS and KID have longitudinal hospital inpatient discharge data from more than 1000 hospitals, with the NIS representing 20% of all hospital discharges and KID representing 80% of pediatric discharges in the United States. Discharge data were available for the years 2000, 2003, 2006, and 2009 in the KID dataset. The remaining years (2001, 2002, 2004, 2005, 2007, 2008 , and 2010) were captured with the NIS, and there was no overlap between the 2 datasets. To extrapolate national estimates, weights were applied as indicated in the HCUP-NIS guide to calculating NIS variances. 10 
study Population
Admissions were identified using the ICD-9-CM codes for patients with a preterm birth weight (ICD-9-CM Codes 765.00-765. 29 Unlike KID, the NIS did not classify hospitals based on the National Association of Children's Hospitals and Related Institutions, so hospitals were identified with their hospital identification number and were assigned a classification based on what their KID designation was for the previous available KID year dataset. In addition, regions (South, Northeast, West, and Midwest) were based on the definitions by the US Census Bureau (www.census.gov).
To prevent double counting, initial hospitalization of neonates that resulted in a discharge to another acute care facility (pretransfer hospitalizations) were excluded from the study. 3 Age of admission was further limited to less than 3 months to exclude readmissions.
Discrete patient predictors, including race, sex, weight, gestational age, and IVH grade, were encoded as categorical variables in NIS and KID. Hospital-level variables such as hospital region were also included as categorical variables. Total charges were adjusted to 2013 dollars to account for inflation using the consumer price index provided by the US Department of Labor with the aid of an inflation calculator (http://www.usinflationcalculator. com/).
statistical analysis
The primary goal was to describe the national trends in hospitalization of neonates with IVH and PHH. The sampling effects were taken into account by applying NIS survey weight using "surveymean" and "sureveyfreq" procedures. Estimates of the national average (mean and rate) and corresponding standard error were based on the HCUP data analysis guidelines. 10 The a-level was set to 0.05. All analyses were performed using SAS version 9.4 (SAS Institute).
results

Patient characteristics
From 2000 through 2010, 147,823 preterm neonates with IVH were admitted. Table 1 provides data on sex, gestational age, birth weight, and racial characteristics of newborn preterm infants with a diagnosis of IVH. Fiftysix percent were male infants. Gestational age ranges were was broken down according to ICD-9-CM coding and are listed in Table 1 . Birth weight was missing in 3% of the patient population; 41% of preterm neonates with IVH had a birth weight between 500 and 999 g. The largest racial group consisted of white infants (34%), followed by black infants (19%) and Hispanic infants (15%); 23.5% of patients did not have race listed. Table 2 reports IVH grade according to Papile et al. 31 Forty-three percent of hemorrhages were classified as Grade 1, 18% as Grade 2, 13% as Grade 3, and 14% as Grade 4; 12% were coded for IVH with no specific grade listed. Nine percent of preterm infants with IVH developed hydrocephalus during their initial admission. Table 3 re-ports the number of patients who developed hydrocephalus within each IVH grade. In 25% and 28% of patients with Grade 3 and 4 IVH, respectively, hydrocephalus developed, compared with 1% and 4% of patients with Grade 1 and 2 IVH, respectively.
Mortality rates (Table 4 ) also correlated with IVH grade. Forty percent of patients with Grade 4 IVH died during their initial admission, whereas patients with Grade 1, 2, and 3 IVH had mortality rates of 4%, 10%, and 18%, respectively.
Regional analysis revealed that the South had 42% of IVH admissions, followed by 21% in the West, 17% in the Northeast, and 20% in the Midwest ( Fig. 1 ) (www.census. gov).
Payer status was also available: 51% percent of patients used Medicaid and 43% had private insurance. The remaining patients (6%) were either self-pay, no charge, or of unknown payer status.
neonatal comorbidities and complications
Neonatal comorbidities were identified (Table 5) . Six percent of patients with IVH had seizures during their initial admission, and 38% had congenital heart defects. Eight percent had necrotizing enterocolitis (NEC) and 4% had intestinal perforation. Eighty-five percent had pulmonary complications with respiratory distress, requiring mechanical ventilation or additional respiratory support. Sixty-eight percent had hematological complications, including disseminated intravascular coagulation and neonatal jaundice. Of note, the proportion of hematological complications decreased with IVH grade (i.e., 75% of patients with Grade 1 IVH had hematological comorbidities vs 56% of patients with Grade 4 IVH). Fifty percent of patients underwent a sepsis evaluation during their initial hospitalization. Three percent of patients had periventricular leukomalacia. Table 6 reports the number of patients with IVH who received either temporary or permanent CSF diversion. Three percent of patients with IVH received temporary CSF diversion: 7% and 11% of patients with Grade 3 and 4 IVH, respectively, received temporary CSF diversion; 9% and 12%, respectively, received permanent shunts. A total of 5266 patients (38% of patients with PHH) had permanent shunts inserted; the remaining either died or did not require further CSF diversion during this admission. Shunt complications (Table 7) were also identified by ICD-9-CM codes. Shunt replacement occurred 696 times (13%): 8% were diagnosed with a mechanical implant complication and 7% with an implant infection during initial hospitalization. Overall shunt complications increased when gestational age was less than 24 weeks (relative risk [RR] 1.85; p < 0.01). Figure 2A and B portray annual admissions for preterm infants with IVH and PHH. There was an increase in IVH admissions between 2002 and 2004, after which admissions fluctuated in frequency. The percentage of patients who developed hydrocephalus remained relatively constant between 8% and 10% annually (Fig. 2C) . Annual trends in complications and comorbidities were also identified (Fig. 3) . The proportion of congenital heart defects in our study population had a noticeable increase from 27% in 2000 to 53% in 2010. Rates of NEC and sepsis also increased over the study interval, but pulmonary complications decreased from 92% to 83%. Birth weight (Fig. 4A ) and gestational age (Fig. 4B ) in our patient population were also included in our trend (Fig. 4C) .
csF diversion Procedures
yearly trends
Population trends
We also used the Centers for Disease Control and Pre- vention (CDC) publications on annual birth [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and death rates 1, 8, [11] [12] [13] [14] [27] [28] [29] [30] 39 to determine trends in the number and rate of preterm births, in addition to infants with low birth weight (LBW; < 2500 g) or very LBW (VLBW) over the same time (Fig. 5A and B) . The number and rate of preterm births trended down over the course of 11 years. In addition, the preterm mortality rate (Fig. 5C ) trended up between 2000 and 2003, after which it decreased to 104 deaths per 1000 live births. LBW rates increased mildly from 7.6% to 8.2%, and VLBW rates remained stable over 11 years.
length of stay and hospital costs
The average length of stay (LOS) over 11 years was 53 days for the IVH group and 62 days for the PHH group. LOS (Fig. 6) patient (adjusted for inflation) has also increased, from $201,578 to $353,554 for patients with IVH, and $260,077 to $495,697 for those with PHH, over 11 years (Fig. 7A) . To account for increasing LOS, average daily costs were also calculated: In 2000, the average daily cost for a preterm infant with IVH was $4941; it increased to $8362 in 2010 (Fig. 7B) .
discussion
IVH remains a major complication of prematurity. The acute and long-term care of these patients is complex, given the multiple comorbidities; and single-center studies are often limited, given the small number of patients who are treated at individual hospitals. There have been multiple conflicting reports on the incidence of hydrocephalus in this group, 15, 34 with some centers citing an increase and others a decrease. Therefore, we used the NIS and KID to look at 11 years of HCUP data on more than 147,000 preterm infants with IVH.
Population trends
The number of patients admitted with IVH has in- creased between 2000 and 2010 ( Fig. 2A) . In contrast, the rate and overall number of preterm births have decreased since 2000 [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] (Fig. 5A ). In addition, the overall percentage of VLBW infants (< 1500 g) has remained stable (Fig.  5B) , and the rates of preterm infants with gestational ages less than 32 and 28 weeks have been decreasing, according to the CDC data. [16] [17] [18] [20] [21] [22] [23] [24] [25] [26] This increase in the number of admissions for preterm neonates with IVH implies a recent increase in either the incidence of IVH in preterm births or survival of preterm infants who then develop IVH. Therefore, we used CDC data to trend mortality rate of preterm infants, which increased between 2000 and 2003 after which it decreased to 104 deaths per 1000 live births (Fig. 5C ). This decrease in mortality rate corresponds to the increase in number of preterm admissions with IVH, giving further credence to the hypothesis that the improved survival of preterm infants is the reason for the increase in preterm neonates with IVH.
Fifty-six percent of our study population was male; this sex distribution correlated with our institutional findings at Children's Hospital Los Angeles (64% boys) and recent work published by Primary Children's Hospital in Salt Lake City, Utah (65% boys). 36 However, researchers at Johns Hopkins University recently published their institutional experience with posthemorrhagic hydrocephalus and reported a 47% male distribution. 38 A regional breakdown revealed that the South had 42% of IVH admissions (37% US population per US Census Bureau), whereas the Northeast, Midwest, and West proportions were slightly lower than their population percentiles (Fig. 1) . These numbers also correlate with the reported increased numbers of preterm births in Southern states. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] neonatal comorbidities and complications
The leading diagnosis for a complicated newborn hospitalization is preterm birth with LBW;
5 it is also the second leading cause of death (after congenital malformations) in infants less than 1 year old. Preterm infants have multiple comorbidities, including congenital heart defects, and multiple complications, including underdeveloped lungs or NEC-all these factors contribute to worse outcomes and prolonged hospitalization. In our nationwide analysis, we found that 38% of preterm infants with IVH also have congenital heart defects. In addition, this proportion has doubled over the period of our study, which may account for the longer LOS and cost of hospitalization. Furthermore, 85% of our patient population required either additional respiratory support or mechanical ventilation, and greater than 50% required workup for sepsis. Given these complicating factors, this patient population requires expert care with multiple pediatric specialists.
We also found that approximately 9% of preterm infants with IVH develop hydrocephalus. This proportion was related to IVH grade, with 1% of patients with Grade 1 IVH developing hydrocephalus and 28% of patients with Grade 4 IVH developing the condition. Thirty-eight percent of preterm infants with PHH required a permanent shunt during their initial admission. The remaining patients either died or did not require further CSF diversion during their original admission; these numbers do not account for patients who develop delayed hydrocephalus and receive shunts on subsequent admission. In addition, our analysis showed that shunt complications were increased in patients with a gestational age of less than 24 weeks (RR = 1.85; p < 0.01).
cost analysis
In 1997, Pikus et al. 33 reported that the average cost for the first hospitalization of a preterm infant with PHH was $162,000, similar to other reports at the time. We report that the average cost of initial hospitalization has increased to $495,000 in 2010 from $260,000 in 2001, after adjusting for inflation. In addition, we also note that average LOS has increased over 11 years. To control for this increased LOS, we also analyzed average daily cost for a preterm infant with IVH, and found that it doubled in 11 years after controlling for inflation. The most notable change that accounts for the increase in LOS and cost was the increase in incidence of congenital cardiac anomalies in preterm infants with IVH, which increased from 27% in 2000 to 53% in 2010. We noted no change in birth weight over the 11-year period, and the trends in gestational age were not reliable, given that coding for gestational age did not begin until 2003.
limitations
The main limitation in this study comes with the use of a large population-based administrative database. ICD-9-CM codes are entered by hospital staff with a wide variation in training and oversight. The potential for recording bias results in estimates of coding accuracy of approximately 80%. 4, 6 This bias can affect not only coding of diagnoses but also covariates and complications. In addition, even though we used previously published methods of preventing double counting, 3 we cannot completely eliminate it, because of the lack of individual identifiers. Finally, these datasets only capture a single admission and, therefore, patients who develop delayed hydrocephalus on subsequent admission are not included in our analysis.
conclusions
We evaluated 11 years of national data using the NIS and KID to review trends in hospital admission, mortality, and comorbidities of neonates with IVH and hydrocephalus. The number of admissions of preterm infants with IVH has increased despite a decrease in the number of preterm births; this increase corresponds to a decreased preterm mortality rate. The incidence of hydrocephalus in this population has remained stable, between 8% and 10%. Admission status is complicated by comorbidities such as congenital heart defects (38%) and requirement for respiratory support (85%). In addition, length of hospital stay has been increasing and the average daily cost has doubled in 11 years; these may be explained by the increased incidence of congenital cardiac anomalies. In conclusion, the treatment of preterm infants with IVH and hydrocephalus deserves continued attention, given the improved survival and increase in numbers and complexity of these patients.
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